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Objective: The purpose of this study was to assess the time course of tropoelastin gene expression in the poststenotic
dilatation segment of rabbit aorta with experimental coarctation.
Methods: Midthoracic aortic coarctation was created in rabbits to produce a PSD. The time points of the study after
coarctation were 1, 3, and 7 days and 2, 4, and 8 weeks (n  3 each). Additional animals (n  6) were subjected to
hypercholesterolemia for analysis of tropoelastin expression in intimal lesions. Northern and Western blot analyses were
used to quantitate tropoelastin messenger RNA (mRNA) and protein, and immunohistochemistry was used to analyze
tropoelastin distribution.
Results: Thoracic aortic coarctation produced a moderate stenosis, which resulted in PSD. mRNA levels in the PSD
segment decreased at days 1 and 3, followed by an increase at 2 and 4 weeks (P < .05 versus controls). This biphasic
change in tropoelastin mRNA was associated with increase in tropoelastin protein levels at 2 and 4 weeks (P < .05 versus
controls). PSD diameter reached a maximum at 4 weeks and did not increase significantly thereafter. The number of
medial elastic laminae in PSD was reduced slightly, but media thickness was unchanged. Intimal lesions were much
smaller in the PSD segment than in the proximal segment in animals with hypertension superimposed with hypercho-
lesterolemia. Moreover, tropoelastin protein distributed not only in the intima but also in the media of the PSD.
Conclusion: Tropoelastin gene expression is regulated in a biphasic pattern and precedes PSD formation. The differential
distribution of tropoelastin in the media suggests a role for tropoelastin in the poststenotic adaptation response, which
may provide increased elasticity to the PSD wall. (J Vasc Surg 2002;36:605-12.)
Poststenotic dilatation (PSD) of an artery is a fusiform
swelling immediately downstream from a stenosis and is a
common occurrence in arteries subjected to persistent par-
tial compression.1 Furthermore, PSD has been related to
development of aneurysms.2 Mechanisms responsible for
PSD formation remain unclear, although several mechani-
cal factors have been proposed, including turbulence, vi-
bration, stasis, increase in pressure, cavitation, and abnor-
mal shear stress.1,3 Turbulence or vibration or both were
initially thought to be associated with the development of
PSD.4 However, recent studies have shown that turbulence
generated downstream from the edge of a stenosis3,5 had
little correlation with vibration and PSD.6 Moreover, an in
vivo study by Ojha and Langille5 showed that PSD can
occur in turbulence-free conditions, and even when turbu-
lence was generated, the site of the PSD was remote from
that of the localized turbulence zone. In these studies,
shear stress fluctuations, instead, had been shown to have
important influence on the development of the PSD. The
role of shear stress in PSD formation is further supported by
the finding that nitric oxide (NO) is a major mediator of
PSD7 because gene expression of NO synthase is induced in
endothelial cells exposed to fluid shear stress.8,9
The underlying cellular and molecular mechanisms of
PSD formation are largely unknown. Complex hemody-
namic forces that result from the stenosis are thought to
affect vascular smooth muscle and endothelium, resulting
in gene expression, turnover of cellular components and
extracellular matrix, and alteration in the biomechanical
properties of the vessel wall.3-7 Both vascular smooth mus-
cle activity10 and endothelial sensitivity to shear stress7-9
have been implicated in the development of PSD. The
mechanical properties of the dilated arteries are altered at
small and moderate deformations of the wall and are
thought to be largely determined by elastin.11 Enzymatic
degradation of artery wall elastin is known to cause intact
arteries to dilate,11,12 and the role of enlarged fenestrations
in the internal elastic lamina of the aorta has been related to
PSD.13,14 However, molecular mechanisms of PSD forma-
tion related to elastin remain largely unknown.
Furthermore, aortic coarctation has been shown to be
associated with acceleration of experimental atherogenesis
in the aorta proximal to the coarctation15 and with resis-
tance of intimal lesion development in the PSD site.16,17
Elastin accumulation has been hypothesized to play a role
in the lipid deposition in intimal lesions.18-20 But little is
known about whether the lesion resistance at the PSD site
may be related to elastin turnover. Thus, this study aimed
to determine a time course for tropoelastin gene expression
and its relationship to the development of PSD and to the
susceptibility to experimental atherosclerosis lesion devel-
opment.
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MATERIALS AND METHODS
Animal models and experimental design
Two animal models in relation to aortic coarctation
were used. The first was a midthoracic aortic coarctation in
New Zealand white rabbits, weighing 2.5 to 3.0 kg.21 The
second was the aortic coarctation model superimposed with
hypercholesterolemia.15 Time course study of tropoelastin
gene expression at the PSD site was performed for animals
with aortic coarctation only. The animals were killed at 1
day, 3 days, 1 week, 2 weeks, 4 weeks, and 8 weeks after the
aortic coarctation (n 3 for each time point, except for n
5 for 4 week). Sham-operated animals were killed 4 weeks
after surgery and served as controls (n  6). Six animals
were fed with the high-cholesterol diet for 5 weeks without
coarctation and were named group 5WD. Six additional
animals were on the high-cholesterol diet for 1 week fol-
lowed by the midthoracic aortic coarctation. These animals
then were kept for 4 more weeks on the high-cholesterol
diet and designated as 5WD4WC group. Two sets of
animals of the previous animals were used for obtaining
fresh tissue and perfusion-fixed tissues.
Surgical procedures and animal care followed the crite-
ria outlined in the Guide for the Care and Use of Laboratory
Animals (NIH publication No. 80-23). The midaortic
coarctation procedures were conducted with general anes-
thesia and sterile conditions and were previously de-
scribed.15 In brief, after endotracheal intubation, anesthe-
sia was maintained with 1.5% halothane and O2 through a
ventilator (Harvard respiration pump, Southnatic, Mass).
Through a left thoracotomy, the aortic segment between
the orifices of the fifth and sixth intercostal arteries was
exposed and encircled with a 5-mm–wide Dacron band.
Mean blood pressures from the ear and femoral arteries
were monitored throughout the surgery. The degree of
coarctation was achieved with adjustment of the tightness
of the band to obtain 15–mm Hg to 30–mm Hg pressure
gradients between the ear and the femoral arteries. The
chest was closed, followed by air suctioning to resume
physiologic chest pressure. Mean blood pressures were
measured before surgery, during the operation, and at
death. The high-cholesterol diet consisted of 1% choles-
terol and 4% corn oil mixed into standard rabbit chow.15
Blood samples were drawn from the ear vein before starting
the cholesterol diet and weekly thereafter for measurement
of total serum cholesterol level.
Specimen preparation
After death with an injection of an overdose of pento-
barbital at 120 mg/kg intravenously, three samples were
taken from the distal portion as depicted in Fig 1. One
cross-sectional segment 2 mm in length, 1 cm distal to the
coarctation, representing the maximum dimension of the
poststenotic region, was immediately taken and frozen for
sectioning. The remaining tissue, 1.5 cm in length and 0.5
cm distal to the coarctation, was further divided longitudi-
nally into two equal portions and immediately stored at
–80° C for extraction of total RNA and total protein,
respectively. Loose connective tissue was removed and care
was taken not to strip the adventitia. The aortas for mor-
phometric studies were perfusion fixed immediately after
death with 10% formalin through the left ventricle. The
perfusion was controlled at a pressure of 100 mm Hg at
room temperature for 30 minutes. Specimens were taken at
the same level as the cross-sectional segment for frozen
sections and further fixed in formalin for 24 hours for
paraffin sections.
Molecular analyses
Molecular analysis included Northern blotting, West-
ern blotting, and immunohistochemistry. All techniques
were described previously.15,21
RNA extraction and purification and Northern blot
hybridization. Total cellular RNA was extracted from the
frozen samples of about 60 to 80 mg. After homogeniza-
tion in 4 mol/L guanidine thiocynate solution, the homog-
enate was cleared of cell debris with centrifugation at
10,000 rpm for 10 minutes. Total RNA was collected with
isopyknic centrifugation through 5.7 mol/L cesium chlo-
ride cushion and purified with sodium acetate and ethanol
precipitation. For Northern blot hybridization, 10 g of
total RNA was electrophoresed through 1% agarose gel and
transferred to a nylon membrane (Zeta-Probe, BIO-RAD
Laboratories, Richmond, Calif). The blots were prehybrid-
ized in a buffer containing 50% deionized formamide, 5
sodium chloride, sodium phosphate, and ethylenediami-
netetraacetic acid, 5 Denhardt’s solution, 1% glycerin,
and 100 g/mL Escherichia coli transfer RNA for 2 to 4
hours at 42° C. This process was followed by hybridization
for 12 to 16 hours in the same prehybridization solution
except that 1% glycerin was omitted and 5% dextran sulfate
Fig 1. Left panel, In vivo photograph of animal after 8-week
coarctation shows remarkable PSD. PSD developed in aortic seg-
ment within about 25 mm distal to coarctation. Right panel,
Diagram of specimen trimming. After 2-mm cross-section seg-
ment was taken for sections, remaining tissue was divided longitu-
dinally into two equal portions for extraction of RNA and protein.
Arrows indicate coarctation channel.
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and labeled probe were added. Complementary DNA tem-
plates of tropoelastin was an EcoRI-exited 0.923-kb
REL124D clone from rat aorta22 (New England Biolabs,
Beverly, Mass) carried in plasmid pIBI31 (ATCC catalog
No. 63179).
Glyceraldehyde-3-phosphate dehydrogenase comple-
mentary DNA template (from ATCC) also was used in the
hybridization for normalization of relative messenger RNA
(mRNA) levels. DNA probes were labeled with the random
primer extension method with a DNA labeling system
(Amersham Corporation, Arlington Heights, Ill). Deoxy-
cytidine 5-[-32P]-triphosphate with specific activity of
1.11  1014 Bq/mmol (Amersham) was used to obtain a
specific activity of 2 to 5 108 dpm/g DNA probes. The
concentration of probe was controlled at 3 106 cpm/mL
hybridization solution. After hybridization, the blots were
washed and exposed to Kodak XAR-5 (Rochester, NY)
films at 80° C for 1 to 3 days with intensifying screens.
The films were developed in Kodak automatic film proces-
sor (Kodak RP X-Omat Processor, Model M7B). The films
were scanned with a laser densitometer (LKB 2202 Ul-
troscan Laser Densitometer, Bromma, Sweden). Results
were expressed as density values relative to density values of
glyceraldehyde-3-phosphate dehydrogenase in corre-
sponding lanes.
Protein extraction and Western blot analysis. Fro-
zen samples were homogenized in a solubilizing solution of
6.66 mol/L urea, 0.03 mol/L sodium dodecylsulfate, and
0.1 mol/L -mercaptoethanol. The homogenate was
heated at 100° C for 5 minutes, followed by centrifugation
at 10,000 rpm for 5 minutes, to obtain the protein super-
natant. A sample of the supernatant was taken for determi-
nation of concentration of total protein, which was per-
formed according to the Lowry method described in
Current Protocols in Molecular Biology.23 For Western
blot analysis, 25 g of total protein was denatured and
separated in 5% sodium dodecylsulfate–polyacrylamide gel
electrophoresis gel, followed by transfer to nitrocellulose
membrane. The blots were incubated in phosphate buff-
ered saline (PBS) with 5% nonfat milk at room temperature
for 1 hour. The blots then were incubated for 1 hour at
room temperature with mouse antibovine tropoelastin
(Elastin Products Co, Inc, Owensville, Mo) at 1:200 dilu-
tions in PBS. The cross reactivity of this antibody with
rabbit tropoelastin had been confirmed with Western blot
analysis before the start of the experiment. After two washes
in PBS, the blots were incubated with biotinylated anti-
mouse immunoglobulin G secondary antibodies (Sigma
Chemical Company, St Louis, Mo), followed by two
washes. The blots then went through a third incubation
with ExtrAvidin-peroxidase (Sigma) for 1 hour, followed
by two washes. The final detection of tropoelastin on blots
was performed with enhanced chemiluminescence system
(Amersham). The blots were exposed to Kodak films for
about 15 seconds. The resulted films were scanned and
quantitated with the same laser densitometer as used for
Northern blot autoradiograms. The data presented repre-
sent results from at least three animals in each of the time
points. Protein samples from each animal were fractionated
on more than one gel, in duplicate or triplicate.
Immunohistochemistry. Immunohistochemistry was
performed on frozen sections. After incubation in 3% H2O2 in
PBS for 10 minutes and two washes in PBS, the sections were
blocked with 1:100 diluted horse serum for 30 minutes. The
sections then were incubated with 1:50 diluted mouse anti-
bovine tropoelastin, which was used in Western blotting, for 1
hour at room temperature. After washes, the sections were
incubated with biotinylated antimouse immunoglobulin G
secondary antibody at 1:200 dilution for 1 hour at room
temperature. The sections then were incubated with ExtrAvi-
din-peroxidase for 1 hour at room temperature. After three
washes, the sections were incubated for 5 to 10 minutes with
3,3’-diaminobenzidine solution. The reaction product was a
brown precipitate. The sections were washed, counterstained
with hematoxylin for 60 seconds, dehydrated, and cover-
slipped.
Morphometric studies
Morphometry and histology were performed on paraf-
fin sections with staining of hematoxylin and eosin and the
Weigert-Van Gieson’s procedure. Aortic dimensions, in-
cluding lumen diameter, medial cross-sectional area, inti-
mal cross-sectional area, media thickness, and wall thick-
ness, were measured with a computer-assisted digitizer as
previously described.15,21 In addition, medial elastic lami-
nae were quantified with counting the dark stained elastic
laminae on the Weigert-Van Gieson’s procedure–stained
sections with a light microscope with 40 objective. This
was performed by three investigators who were blind to the
treatment.
Wall stress
Wall tension was calculated as T Pr and wall stress as
S  Pr/d,24,25 where T is wall tension (dynes/cm), S is
tensile stress (dynes/cm2), P is the mean blood pressure in
dynes/cm2 (1 mm Hg 	 1333.3 dynes/cm2), r is the
lumen radius in cm, and d is the wall thickness in cm,
including the media and the intima. The mean blood
pressures measured from the femoral artery at death, which
represent the pressure at the PSD site, were used for the
calculation of wall tension and tensile stress. We used mean
blood pressure of 95 mm Hg for normal controls and 5WD
animals, 65 mm Hg for animals with coarctation within 1
week, and 110 mm Hg for coarcted animals at and after 2
weeks of coarctation when the blood pressure measured
from the femoral artery bounced to above the normal
level.21
Statistical analysis
All data are presented as mean 
 standard deviation.
Multiple comparisons were made with analysis of variance
with Bonferroni test. Values of P less than .05 were consid-
ered significant.
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RESULTS
Blood pressure and degree of coarctation. Mean
blood pressures for control animals were 94 
 10 mm Hg
at the ear artery and 95
 10 mm Hg at the femoral artery.
After creation of the midthoracic aortic coarctation, blood
pressure at the proximal aortic segment was elevated re-
markably and decreased distally, resulting in blood pressure
gradients across the coarctation channel ranging from 15 to
31 mm Hg (P  .01 compared with controls). These
gradients tented to be constant during the first week. After
2 weeks, the blood pressure measured at the femoral artery
increased remarkably to beyond the normal level, resulting
in diminishing of the gradients. But the gradients remained
greater than 15 mm Hg.21
The degree of stenosis represented the reduction in
diameter at the coarcted site. For example, a normal lumen
diameter of 3.3 mm at the midthoracic aorta was reduced to
1.7 mm after coarctation, resulting in a 48% reduction in
the diameter. The degree of stenosis ranged from 44% to
58% in all coarcted animals and was regarded as moderate
stenosis.
Body weight, heart weight, and serum cholesterol
level. The average body weight of the animals was 2.84 

0.30 kg at the start of the experiment. It increased to
2.83 
 0.28 kg at 1 week, 3.38 
 0.33 kg at 4 weeks, and
3.46 
 0.41 kg at 8 weeks. But the increases did not show
any significant effects on gene expression for tropoelastin.
Heart weights increased for the animals with coarctation
compared with corresponding controls, reflecting the in-
creased resistance as the result of aortic coarctation. The
mean total serum cholesterol level for all animals at the
beginning of the experiment was 66 
 16 mg/dL. No
change was seen in serum cholesterol level for all the
animals with only aortic coarctation. This level was in-
creased rapidly after the initiation of a high-cholesterol diet.
At 1 week, it was 15-fold (1009 
 205 mg/dL) higher
than normal, and it peaked by 4 weeks for 5WD4WC
(2511 
 444 mg/dL) and by 5 weeks for 5WD (2715 

530 mg/dL; P  .001 for all, compared with controls).
Interestingly, the body weights of the animals on the
high-cholesterol diet did not significantly differ from con-
trols and their coarcted counterparts. In fact, the animals
fed the diet seemed to have a better appetite and their body
weights were a little bit higher than those of their counter-
parts, although the difference was not statistically signifi-
cant.
Development of poststenotic dilatation. The lu-
men diameter at the PSD site started to increase at 1 week
after the coarctation procedure, but the increase did not
become statistically significant until 4 weeks (P  .001,
compared with controls) and it did not progress signifi-
cantly after 8 weeks (Table I). The PSD developed at the
aortic segment within 20 to 25 mm distal to the coarctation
(Fig 1). The maximal diameter was at the 10-mm level
distal to the edge of the coarctation channel, rendering the
aortic segment of PSD a fusiform appearance. When com-
pared with the aortic diameters 10 mm proximal to the
coarctation, the maximal diameter of PSD was increased by
34% at 4 weeks and by 40% at 8 weeks.
Time course tropoelastin gene expression at the
poststenotic dilatation segment. The mRNA levels of
tropoelastin at the PSD segment declined initially at 1 day
and 3 days and rose gradually, reaching a 2.5-fold increase
over controls at 2 weeks, remained 1.7-fold higher at 4
weeks than controls (P .05), and returned to normal level
at 8 weeks (Fig 2 ,A). In spite of the early reduction in
tropoelastin mRNA levels, no significant changes were seen
in tropoelastin protein in the early stages. However, tro-
poelastin protein levels increased at 2 and 4 weeks (Fig 2
,B), which corresponded well to the mRNA levels of tro-
poelastin at these time points. Moreover, immunohisto-
chemistry revealed that tropoelastin protein was mainly
distributed in the media and in the intima, as described
further in the subsequent section.
Intimal lesion development in the poststenotic di-
latation segment and its association with tropoelastin
expression. In contrast to the lesion development in the
proximal aorta of animals superimposed with hypercholes-
terolemia (5WD4WC),26 the intimal lesions in the PSD
segment were much smaller (Fig 3). The intimal cross-
sectional area was only 0.16 mm2 in the PSD segment
(Table I) as compared with 2.27 mm2 in the proximal aorta
Table I. Changes in aortic dimensions and wall stress at PSD site
Groups LUD (mm) MEA (mm2) IMA (mm2) MTH (mm) WTH (mm) T S
Control (n  6) 3.40 
 0.25 1.85 
 0.21 0.08 
 0.09 0.19 
 0.03 0.19 
 0.04 2.15 
 0.16 12.83 
 0.63
1 day (n  3) 3.04 
 0.08 1.83 
 0.26 0.02 
 0.02 0.18 
 0.02 0.18 
 0.03 1.32 
 0.03* 7.37 
 1.17*
3 days (n  3) 3.22 
 0.90 1.70 
 0.35 0.18 
 0.10 0.15 
 0.03 0.15 
 0.09 1.40 
 0.39* 8.49 
 0.92*
1 week (n  3) 3.76 
 0.37 1.87 
 0.94 0.02 
 0.03 0.15 
 0.08 0.15 
 0.08 1.63 
 0.16 13.35 
 0.45
2 weeks (n  3) 3.51 
 0.54 1.76 
 0.43 0.04 
 0.05 0.15 
 0.05 0.16 
 0.05 1.74 
 0.74 13.56 
 0.76
4 weeks (n  5) 5.10 
 0.92* 2.38 
 0.65 0.07 
 0.14 0.12 
 0.09 0.13 
 0.09 3.75 
 0.77* 22.84 
 0.65*
8 weeks (n  3) 5.33 
 1.23* 2.55 
 0.73 0.05 
 0.04 0.15 
 0.04 0.15 
 0.04 3.91 
 0.90* 21.82 
 0.53*
5WD4WC (n  6) 4.68 
 0.35* 2.85 
 0.39* 0.16 
 0.05* 0.18 
 0.03 0.20 
 0.03 3.43 
 0.25* 17.86 
 0.41*
5WD (n  6) 3.51 
 0.24 1.95 
 0.19 0.10 
 0.07 0.17 
 0.03 0.18 
 0.04 2.22 
 0.15 13.04 
 0.32
Data are expressed as mean 
 standard deviation.
*P  .05 compared with controls.
LUD, Lumen diameter; MEA, media cross sectional area; IMA, intimal cross sectional area; MTH, average media thickness;
WTH, average wall thickness including intima; T, wall tension in dynes/cm  104; S, wall tensile stress in dynes/cm2  105.
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to the coarctation in the 5WD4WC animals.26 Com-
pared with controls and 4WC and 5WD animals, animals of
5WD4WC showed the most upregulation of tropoelastin
expression (Fig 4). The most striking finding is that the
distribution pattern of tropoelastin expression in the PSD
segment was distinctly different from that in the proximal
segment. In addition to detection of tropoelastin protein
mainly in the foam cells in the intima as seen only in the
proximal segment,15,26 a remarkable detection also was
seen of tropoelastin protein in many smooth muscle cells in
the media (Fig 3).
Aortic dimensions. Although a significant PSD was
seen at 4 and 8 weeks, the media thickness was not signif-
icantly reduced. In fact, the media cross-sectional area was
slightly increased (Table I). The dilation was not further
increased at 8 weeks as compared with 4 weeks (4WC).
Similar PSD was observed in 5WD4WC animals, and no
PSD was seen in 5WD (Table I).
Media layers. The number of medial elastic laminae of
the PSD segment was counted, and the results are listed in
Table II. A mild reduction was seen in the number of media
layers at the PSD segment 4 weeks after coarctation. The
thickness of each elastic muscular lamina (between two
elastic laminae) seemed to increase, but the difference did
not reach statistical significance (data not shown).
Wall stress. Estimated wall tension and stress at the
PSD site were shown in Table I. The control animals had a
wall tension of 2.15 104 dynes/cm and a tensile stress of
12.83  105 dynes/cm2. During the days 1 to 3 after
coarctation, both wall tension and stress in PSD were
reduced: for example, to 1.40 104 dynes/cm and 8.49
105/cm2 (P  .05 compared with controls), respectively,
Fig 2. Gene expression of tropoelastin (TE) in PSD segment. A,
mRNA levels of tropoelastin decreased below normal levels at 1
and 3 days after coarctation, increased to higher than control levels
at 2 and 4 weeks, and restored to baseline at 8 weeks. Inserted
image is representative of multiple Northern blots. B, Tropoelastin
protein levels, however, did not change until 2 weeks after coarc-
tation, when tropoelastin protein level was increased by one third
and was corresponded to tropoelastin mRNA level at 2 weeks in
panel A. Tropoelastin protein remained high at 4 weeks and
maintained control level at 8 weeks. Inserted image is representa-
tive of multiple Western blots. *P  .05 versus control.
Fig 3. Foam cell lesion formation and distribution of tropoelastin
in PSD segment. Only mild intimal lesion was formed in PSD
segment (A) as compared with large lesion in proximal segment
(B). Immunohistochemistry with mouse antibovine tropoelastin
showed that tropoelastin protein was detected (brown color) in
both foam cells in intima and smooth muscle cells in media in PSD
segment of 5WD4WC animal (A). In contrast, tropoelastin
protein was mainly localized in foam cells in intima at proximal
aortic segment of 5WD4WC animal (B). Panel C is higher power
of panel A. Panel D was negative control. Sections were counter-
stained with hematoxylin for nuclei (purple blue). Note that tro-
poelastin protein is early form of elastin, which remains at stage of
intracellular trafficking and is further modified and secreted.
Therefore, most of detection of tropoelastin protein was within
cytoplasm of foam cells and smooth muscle cells. Elastin is mature
form of tropoelastin, is insoluble, and is major component of elastic
laminae in media and elastic component in adventitia. Because
antibody was specific to tropoelastin, there was no detection of
elastin in elastic laminae and in adventitia.
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at 3 days. This was apparently the result of the reduction in
blood pressure at the PSD site. However, both wall tension
and stress returned to normal at 1 and 2 weeks and in-
creased to beyond normal levels at 4 and 8 weeks. The wall
tension was 3.75  104 dynes/cm at 4 weeks and 3.91 
104 dynes/cm at 8 weeks, and the wall tensile stress was
22.84 105 dynes/cm2 at 4 weeks and 21.92 105/cm2
at 8 weeks (P  .05 for all, compared with controls). The
wall tension and stress in animals fed the high-cholesterol
diet only (5WD) followed a similar pattern. However, the
levels were significantly higher in animals with coarctation
superimposed with hypercholesterolemia (5WD4WC)
than those in controls (P  .05; Table I).
DISCUSSION
We have previously shown that tropoelastin gene ex-
pression was enhanced at the proximal aorta to the coarc-
tation.25 In contrast, tropoelastin in the PSD segment
showed a biphasic response. The tropoelastin gene expres-
sion was initially reduced to below normal levels at 1 and 3
days but returned to baseline level at 1 week and increased
by 2.5-fold at 2 weeks and 1.7-fold at 4 weeks. These
changes were associated with the development of PSD,
which reached its maximum at 4 weeks and did not increase
further thereafter. The lumen diameters at the PSD portion
actually started to increase at 1 and 2 weeks, although the
changes did not reach statistical significance. The PSD
diameters increased by 34% over control after 4 weeks and
by 40% over control at 8 weeks, with maximal diameter 10
mm distal to the coarctation.
Roach4 found that, in dog carotid arteries with moder-
ate stenosis, PSD reached maximal dimension at approxi-
mately 10 days and was stable for up to 10 months. When
the stenosis was too tight or too mild to elicit significant
hemodynamic alterations, PSD did not occur. Porter and
Roach13 and Kukongviriyapan and Gow26 found that, in
the rabbit thoracic aorta, PSD reached a plateau after 8 to
10 days. We found evidence of PSD in this experiment at 1
week; however, the PSD did not achieve maximum diam-
eter until much later at 4 weeks. The degree of stenosis
appears to play a role in the rate and degree of PSD that
occurs. We found that the number of medial elastic laminae
in the PSD wall decreased slightly 4 weeks after coarctation
but that media thickness did not decrease accordingly. In
fact, the media cross-sectional area increased slightly after
PSD formation. The thickness of each elastic muscular
lamina of the media seemed to increase, although the
increase did not reach statistical significance, probably be-
cause of small numbers. These observations suggest that
each medial layer exhibits an adaptive response to maintain
proper tensile strength of the PSD wall. Both cellular
components and extracellular matrix may participate in this
adaptive remodeling. Further studies are necessary to ob-
tain more precise insight into these aspects.
The striking finding of this study was the distinctively
different pattern of tropoelastin protein distribution be-
tween the proximal segment to the coarctation and the
PSD. In the proximal segment, tropoelastin protein was
mainly distributed in the intima and the adventitia of ani-
mals with both hypertension and hypercholesterol-
emia.15,25 In contrast, in the PSD segment, tropoelastin
protein was not only localized in the foam cells in the intima
but also in many smooth muscle cells in the media. Tro-
poelastin accumulation has been considered to contribute
to intimal lesion development.15,25 However, that lesion
Fig 4. Comparison of gene expression of tropoelastin (TE) in
PSD segment. A, mRNA levels of tropoelastin all increased in
animals with coarctation (4WC), high-cholesterol diet (5WD),
and both (5WD4WC). Latter had most remarkable increase in
tropoelastin mRNA. Inserted image is representative of multiple
Northern blots. B, Corresponding changes were seen in tropoelas-
tin protein levels with remarkable increase in 5WD4WC animals.
Inserted image is representative of multiple Western blots. *P 
.05 versus control. GADPH, Glyceraldehyde-3-phosphate dehy-
drogenase.
Table II. Media layers of elastic laminae
Groups Layers
Control (n  3) 22.67 
 1.15
4 WC (n  5) 18.33 
 1.53*
5WD4WC (n  3) 18.67 
 1.15*
5WD (n  3) 21.33 
 1.15
Media elastic laminae were counted on Weigert-Van Gieson–stained paraffin
sections with microscope with high power of objective (40) by three
observers who were blind to treatment. Data are expressed as mean 

standard deviation.
*P  .05 compared with controls.
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development in the PSD segment was limited even though
tropoelastin was expressed in the intima is controversial.
This discrepancy suggests that tropoelastin may not be the
key element in the intimal lesion development and that
hemodynamic alteration must have a dominant role in the
resistance of lesion development in the PSD site. Further-
more, many smooth muscle cells in the media of the PSD
segment expressed tropoelastin. Therefore, that this differ-
ential distribution of tropoelastin may attribute to the
difference in the hemodynamic conditions across the coarc-
tation channel is conceivable. It is evident that the tensile
stress is higher at the proximal segment and that enhanced
tropoelastin expression at the adventitia would efficiently
add tensile strength to the wall protecting it from over-
stretching. The hemodynamics in the PSD site are rather
complex, and further in vivo and in vitro studies with
isolated hemodynamic forces on the PSD wall may reveal
more insights into the mechanisms of PSD development.
Wall tension and tensile stress were initially decreased
during the first week, normalized at 1 and 2 weeks, and
increased to beyond normal levels at 4 and 8 weeks. This
effect was the result of the fluctuation of blood pressure and
changes in diameters at the PSD site. Wall tension and
stress in the animals with 5-week diet and 4-week coarcta-
tion were not as high as in the in the animals with 4-week
coarctation. This was apparently caused by the contribution
of the intimal lesion to the wall thickness for the estimation.
Most striking is that upregulation of tropoelastin ex-
pression preceded PSD formation with increased wall ten-
sion and tensile stress. Both mRNA and protein levels of
tropoelastin peaked at 2 weeks and remained high at 4
weeks. That the upregulation of tropoelastin was followed
by PSD formation, which was remarkable at 4 weeks with
the highest wall tensile stress and maintained at 8 weeks of
the aortic coarctation, is not just a coincidence. We postu-
late that tropoelastin may facilitate the PSD adaptive re-
sponse to the altered hemodynamics caused by the coarc-
tation.
The exact mechanisms of PSD formation remain un-
certain—in particular, the molecular basis for the remark-
able morphologic changes. It has been reported that in-
creased collagenase activity, but not elastase activity, is
associated with PSD formation in experimental coarcta-
tion.27 Recently, the role of NO has been shown in a
well-controlled coarctation in rabbit femoral arteries.7 The
current study reveals that there is a biphasic expression of
tropoelastin, which precedes PSD formation, and that tro-
poelastin protein differentially distributes in smooth muscle
cells in the media. Newly synthesized tropoelastin, espe-
cially in the media, may provide better elasticity of the
aortic wall to facilitate adaptation to the complex local
hemodynamics. Furthermore, we observed that tropoelas-
tin accumulation in the intima is not able to enhance lesion
development, suggesting that local hemodynamics are re-
sponsible for the resistance of lesion formation in the PSD
region.
Although this work has provided evidence of the asso-
ciation between gene regulation of tropoelastin and exper-
imental PSD formation in the aorta, the actual correlation
of PSD progression to tropoelastin gene expression remains
unknown. Subtle analyses of the local hemodynamics at the
PSD site will be necessary to sort out potential hemody-
namic factors and their effects on wall mechanical proper-
ties. Responses of other cellular and extracellular compo-
nents of the vessel wall to the hemodynamic changes at the
PSD site should also be investigated.
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